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ABSTRACT

“~In nrder to study the steady state turing mechanisnm of
AP-tased comuosite s0lid provellants including those with
negative pressure exponents, we applied the scanning electron
microscorze to examine samples of extinguished combustion
strands and we also 2pplied the single-frame microphotography
of self-illumination or laser-shadow to observe the hurning
samples. le found that the covering of the melten binder over
the AP surface was nﬁt a particular phenomenon of the FU
-rooellant in théiémeéa“'bufhing area, but rather a general
chenomenon taken place over ar extensive region. e showed
indication that local covering may noc have resulted in locai
extinction and we further priposed a new theoretical model

which takecs into consideration the‘combined effect of the

convering of the melten binder on the AP surface and the

existence of condensed phase reaction as well as the reversed

ronellants Including *hese with Vezative Presiure ZXacnen<s
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Fizatinn under tha surface covering., This model can bHe usad

far AY. 225771 30lid commosite rrovellanss which include the

@231l melzan Tinder, This model exhinits the cajability of
2xzlainin- ths "»lzteau”, “"mesa“, and nermal burning bvehavinr
an? Lt can alss e us2d to analyze the eff<cts of initial

temparatura nd th2 AP particle size on the burring characteristics.
this ~2del can se*ve as a basic for siudying tae
ernosive cemtustion zni ron-steady state combustion ¢f provellants

which include thi "mesa™ propeilant®s.
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The composite s21id propellants usually have twn basic
types of burning mordels; one is the gas phase type and the other
is the condensed phase type. Among these models the "GDF" model
is representative of the gas prase models and the "50P" .s
representative of the condensed phase mcdels. (It should te
noted that in tlle ear.y 1969's scientisfé ir. our couniryvs such
as comrades 2Z2hang Cun Hao, He Guc Zhong, and Yang Pei Qing,
have prownsed a complete multiple laye. flame model which can
be guided and implemented[l]. Some of the mathematical
treatments used by this paper are developed in ligh% of their

results. Tn recent years, based on the foundation of thLese




twe tyres o basic models mentioned above, scientists made fha2
treagtnrousn of the limitation of zingle mode single dis-ersion

2% oxidatinn reagent particles and introducasd stasistizal

methods more fully into *this problenm,which has a strong

bde

azree of ro domness. Cne especially clear example is the

1]

Y
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s lishment of the contemporary models such as the "P=",

t

model which can analyze the problem more fully under more
realistic conditions. Unfortunately none of the models can
be usad 17 2xplain the "plateau" and "mesa" effects.

J.Hq. Robertﬂﬂ has proposed the combustion speasd relation
equation r::aplog(l/Le) as early as 1966. This was actually
a relatively abstract model for steady state burning. Zven
though this was only a hypothesis of his, it represents a
bold attemot to ccma up with a model which attermpts
to explain all the combustion speed.characteristiés of normal,
"platéau", and "mesa” burning fully. This author believes
that these combustion speed characteristics are only .anifestations
2f a single unified burning problem under different conditions.
This is why when we are studyling thé individual mechanism
of the various characteristic areas,we should also consider
the internal connection among"these various characteristic

areas so we can more deeply explore the nature of the problem.

’e can only tackle the problem associated with a unified burning




~machanism simich wvariasz rith oonditions whan we can nroctose a
nla%ta whacratizal maiel which can zrovide a full exslanation
2 2ll tne burming characteristics of the composite so0lid
oraneliants, This is the objective of this study and we start
by exploring the nature of the "masa" eflect. e alsn endeavor

t5 arovese 2z unified model,

This naper was received on April 17, 13982,

The so callad “"mesa" effect indicates that the combustion
speed of the solid propellant exhibits a negative exponent
relationship with the pressure and this burning phenomenon
was discovered in the 1950's or even ezrlier. There has
been no in-depth study into this effect upm to this date,since
it has not rzaceivea the proper application attention it
deserved in the pasi. At present, however, an in-depth study
into thié effect appear. quite necessary since ;t provides a
probable nath for the study of the adjustment of the impulse
vower of a solld rocxet propeller (31 as well as the adjustment
of the flow volume of the s0lid combustion gas generator[h].
Tven though we have not seen agn analytical model which describes
this effect up %o date, there have bHeen numerous experimental
observations and valuable descriptions about the mechanisms
that can serve as basis for our study. (The relevant references

are in [5] - [;}]). This 3study starts from phenomena observed

OB
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exorassa2i by M. Summerfield s Te3. Spaliing[/], and C. Guiracr‘"J

(9]

and then crozos2 23 model bzsed on the "33P" mouel, Cur model
attensts to fully describe the "nliateau”, "mesa", and normal

ehavior,
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EXPTANATICN OF SYIIBOLS .

A the factor in front of the exponent in the Arrhenius Equation
31,32.33 sroportionality constants in the corresponding

relationshir equations

(9]

° specific heat under constant pressure

3- standard dispersion coefficient under reference pressure

1 statistically averaged diameter of the AP particle

activation energy associated with the thermal dissociation

of the binder

activation energy associated with the interface reaction of

the oxidation reagent '

G fractional mass of the AP that was used up during the condensed
phase reaction

h  the thickness of the liqu;d layer covered by the binder or

the difference in height between the oxidation reagent and

the surface of the binder which was reflected in the equation

represanti 3 3
D nting °ox/°o
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37227 22n3ztint3s 2szsaciated vith the varisu

carameter 2 izniticn 2elay associatad with the oxidation

i »f tha wvrarious chemical reaction
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raacticn heat associated with a unit mass of the reagent
rezction heat of dispersed flame in area I associated with
2 unit mass

reactinn heat of mixed flame in area I per unit mass
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reaction heat for the dissociation of a unit mass of the binder

condensed chase reaction heat for a unit mass of AP
interface reaction heat for a un..t mass of AP

avaporatiin heat for a unit mass of AP

universal gzs constant

the total surface area of the oxidation reagent and binder
in area II

temmerature or the characteristic temperature corresponliing
to the dispersed flame

initial temperature of the propellant

the adiabatic flame temperature of the zropellant and the

temperature of the burning gas
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time aof delayad isniticon for the axidation reagents
= mglecular welzht
g melecular weight of the gaseous croduct of the AP

condensed phase reaction

+ransmission distance from the burning surface corresponding
to the various reactions in area II

transmission distance <rom the AF surface correstonding
to the various reac*ions in area I °

fractional mass of the oxidation reagent in the prcpellant
the fraction of the reagent that enters the initial flame
the fractional area of the surface of the oxidation
reagent that is being covered by the melten binder

tﬁe fractional volum: of the oxidation reagent

coefficient of thermal conductivity

density

density of the solid propellant

the dimensionless transmission dista: ce corresponding o

the various reactions

superscript

I

the corresponding parameter in area I where the oxidation

reagent is being covered by the binder

II the corresponding narameter in area II where the oxidation
reagent is not being.covered

subscript

AP parameter corresponding to AP

N




AT, _y rararmeter corresnoniding to fthe AF vapor
\ = - -
z m2ranater corraswonding to the exrtansion nraocess

°F narzmeter corresnonding to the final flame in zrea II

b3 raraneter correstonding to the binder

Z raramatar corrasnonding tc the gaseous state

X caraneter correstonding to the sxidation reagent

=7 saranetar correstonding to the initial flams in zrea II

3 zaraneters corresnonding o the AP.surface in area I or
bur.aing surface in arez II

2 parametar corresponding to the »nremixed flame in area I

3 narameter corresnonding to the expansion flame in area I

I narameter corresnonding to area I

11 narameter correswonding to area II

IT. ZXPERIVENTAL RESULTS AND ANALYSIS

(1) General Conditinns:

The types of propellants uszad in the experiments and their
~cmbus*tion speeds are shown in Table 1.

In order to obszrve and verify the condition of the cavering
of the binder on the AP surface, we connected one end of a "T"
shaned generator to a microsecond class interruption opening

mechanism, and applied the method of rapid reducing nressure




criteria zsrovided by rzfarences [-5] Lo] we can Jdeduce that

the samnlss we have obtainsd all retained their *rue corditinns
an the burning surface n-rior tec the interruption ard there

w25 no degitruction due to the "second flame". This judzemant

a3 varified ty the cansistancy of the vhoto;raﬁns talzen by
*he scanning eleciron microscove on the burning samnle with

the interrunted sample., The regularity of the surface structure
as nbserved by the scanning electron microscope also verified

this zoint.

l.w: pRERRTR2A

2, % b IR l 3. 2 E (am, sec)
‘kg/em?) |4 SBPU—~APL(SU-5) §EI2IPU—APH(Su- )

W 2.79

20 3.61
25 ) 3.75

3% 3.87 3.62

L ' 3.38

40 3.9 3.19

1s ! HEAGK )
50 3.85 ; DiLATK

") 3.5 |

7 3.51 i

1. Table 1 Types of propellants and their combustion speed.
2. oressure 3. combustion speed L, FU-AT type(Sou_s) which
contains aluminum S. PU-AT type (sou-SA) vhich contains no aluminur
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In -risr s f2:ililcate the obsarvation of the ralatisnsihis
-~ PSR .+ A, + 7 3 §=) = - Y-
97 ra2lative oazltinn S2tuzen the binder and 47 on ths burning

f

surfice, e hava very carefully soaked a portion c¢f the extincte

szmsles one bty one in water for about 5 minutes zo the AT on

[¢7]

rce could b2 dissolved and only the framewarx o7 th
11 remz2in. The samtles zfter extincitinon (including
those sonied in water and then oven dried) were then

2lacad under a 35217 tyoe and a2 3620.%ty-2’ scanninz electron
nmicraseope ("3Z") %Yo conduct analytical chotography on the
burning surface and the cross-section. These samples were also
exanined usinz regular microscopes. At the same time we have
also conducted single-frame nicrophotogranhy of flame self-
illumination or laser-shadow to observe the samnles in the

comhustion srocess throuszh the transparent window of the

combhusiisn chanmber,

(II) =tperimental Results: )

1. Prom the S21 ohotogranhs, we can 3ee that the burning
surfzces of almost all the samnles have melten binder covering
the surface of the AP crystal (as shown in Figures 1, 4%, 3).
The self-illumination photogr;phy 21so indicates that, under
low oressure in the non “nesa” area and nigh sressure in the

"mesa" area,the mobility of the binder was extremely good. The




s
?
B
3
-

the ar2a igznited first would even flcw to the
surface that had not heen ignited where it formed a cold

nsed tulge due to the coldness it encountered (Figure 2).

So4-5A P =it.skyfem? 100x Ckiama) '
3. B BEAEAEERXAEE

1. (cross-sectional view of the water soaked sample)
2. (cross-saectional view of the water soaked sample)

3. Figure 1 The covering layer of the binder and its

cross-sectional view.
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Pigure 2  The self-illumination photographs that reflec?

+he mobility of the binder
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1. (cross-secticnal view) 2. (top view) 3. (top view)
L. Pigure 3 The typical situation where the AP particles

are partially being covered.
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oservations of the ton view and side viaw of the

(8]
.
(@]

mazes 2f 4n2 Turning surfaces are shown in Figure 3. The

surface of %he large oxidation reagent particles was

cc 7zred by the binder and it formed a straw hat shape. The
o)

eize nf the hat was the binder which covered the oxidation

'y
1)
e

~zents and the central portion was the volcano crater
shaned or cauliflower shaped surface of tpe oxidation reagent
which protrudad out relative to its surrounding.

3. There were regular differences between the burning
surfaces of the samnles extinguished under different pressures.
This was especial'y clear for the 304-5A prescriptiqn where
there clearly existed different covering areas by the binder
on the surfaces of the large oxidation reagent particles
(Figure 4).It can also be seen that in the obvious "mesa”
area the covered area appears more extensive with higher
pressure, while in the non "mesa” area (or its vicinity)
there was al3o a considerable area under low préssure.

The 304-5 prescription which contains aluminum also shows

this regularity.

14
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3. (top view)

L, Figure 4 The effect of vressure on the covering con

2. (top view)

1. (top view)

dition

of the binder.
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2. (water soaked, top view)

ed, top view)

X
3. (water soaked, top view)

(water soa

1.

L, Pigure 5 Different covering conditions of the binder on the

AP surface.
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1. the exterior appearance of the propellant ring

2. laser shadow
3. Figure § The concave shaped crater which looks like the
"shell crater"”.
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. The diffarent ccnditions of the AF surface covered by
tha zindar under the same prassure (Fizure 5) indicate that
the covaring 2% each AP narticle by the binder could have
variatisn ranzing from a local phenomenon to a nhenomenon
affecting a majority (or all) of the cases. This also means

nat under a2 zartial covering situation the retreating speed

ot

0f the covered zortion would be smaller than that for the
ortion that was not covered. :

5. The surfaces of a majority of the SO4-5A extinguished
sammles ( in obvious "mesa" area or under the pressure in
its vicinity) exhibited concave craters with diameters from
3 to 4 mm which were similar to shallow shell craters. At
the szme time the laser shadow photograpohs of this prescription
under a pressure of 24 kg/cmz,corrgSponding to the condition
at the intersection of the "mesa" and non "mesa” areas,also
show similar "shell craters* (Figure §).

6. Under the stereoscopic microscope the éxt;nguished
samples prepared from the SOk-5 prescription show signs of
various kinds of "stone forest" shaped small "mountains"
standing on top of the burning surface. We can also see sone

of these features from the SZ1 photographs (Figure 7).

18




[ TSR S g S-S ahe o a2 20 xade Ul o "‘,:’]

¥ bt 2t aid
B 20
RN
\ '
L%
P)
N .
TR
1 ¥
v
lk
1

g-';. P B
L ': S94-3
o 7 ST P=gobg/cm®
e . .
Q" ; BRI K
R - - . ,
Mo - i > - o
Lz A .
¥
KN -
[y - o
S ‘ Lo 4
e e . B B ‘. ~
PO f - - 4
b RN P . & < t .
T LR ¥l
N N e T T .

I, 7 A “B%" £:t93) “SEM” 8K
igure 7?7 The "SZM" photograph that shows features similar

to a "stone forest” shape.

(III) =xperimental Results and Analysis:

Based on the experimental results shown above, the commonly
recognized diagnosis U]'ﬁﬂ that the "mesa" effect is prodﬁced
by the local extinction caused by the local covering is
questionablé. We can say this since in addifion'to our results
reference[S) also mentioned that a prescription with a positive
pressure exponent under pressures of 1 - 100 aﬁn would have
the burning surface covered with a melten binder layer
associated with samples extinguished under all pressures. Derr
and Boggs (20] have examined SZM photographs of the extinguished

samples of the PU-AP type prescriptions with positive pressure

exvonents and they have discovered indication that under

19




ativaly nizn wressure (atout 346.3 kg/cmz) the AF crystal
was lying on 2 shallow cidncave trousgh and its surface was
cnvared by the binder, This is a2lmost exactly thne same as
our result, axcep®t that the magnitude of the pressure is

. In addition, the Chinese Technology University
n2s obtained a s=21f-illumination photogranh which shows

thzt when 2 CTF3-AF type prescrintion with 2 positive pressurs

ex=onen® was turninz, the melten dinder was mobile and

the binder encountered coldness on ‘he surface that was

not dburning and subsequently formed a cold condensed bulge
(Figure 2). From the research reports concerning the
exneriments of double-layered combustion devices[l7]'lla],
wa can see that there are widespread melting and flowing phenomenon
on top of the AP layer  for the CTP2 and even HTF3 during
the combustion neriod of these doubled-layeré¢d devices with
conditions close to the realistic combustion process of the
sronellant, This is why the covering of the AP surface

b7 the melten binder under certain conditions is actually
not a narticular nhenomenon of the PU nropellant in the
"mesa® area. It i3 rather a general phenomenon which can
take nlace in a much greater Eﬁnge than the "mesa" area of

the PU n»ropellant.

- 20
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Zocal covering may not rasult in local extinction. Fron
the pnotographs obiained from the single-frame nicraphotograshy
0f the self-illuminating flame (Figure 2), we can s2e that
there was no extinction over a wide area corresponding to

2 pressurs with a wide scread covering (24 kg/cmz) for the
3J34-354 zrescription. If we simply think that local covering
will l224 to lacal ex*inctisn and subsequently produce the
"mesa" affect, it will not only be diffichlt for us to explain
the exrerimental results and reports mentioned above but it
will als0 be difficult for us to explain the ~henomenon of

non steady state burning of the "plateau" and "mesa” propellants.

1

his is the case since a local extinction will have *< cause

[ el

2 decrease in the gain of energy that is supporting the
oscillating combustion. This in turn contradicts the <xistence
of the "nlateau” and "mesa" propellants as well as the existence
of the serious non steady state burning phenomenon!lg] (During
the "T" type generator experiments we have also-obtained
a unigue self excited oscillation result for the S04-5A
orovellant under a large area covering pressure of P =23 kg/cm2
and this result is shown in Figure 4.)

Based on the analysis mentioned above, we believe that

covering is only one of the conditions for the production of

the "mesa” effecut. ‘Je also assume that its nature is related

21
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T2 tha ztnarmal turning in *he 3¢ called "IT characteristic

araz" 233nziated wiih the explosion and combustion cf nure AP,

The rea2sons are: within th2 four characteristic areas of the .
xzlosisn and comzustion of AP classifieéd by T.L. Bogzs et al(zo]
ationshin betwaen the speed of exnlosion
and zombustion and zressure, the existence of a II aresa where
the 2x3losion sneed increases with the pressure is definite.

. [21 i [22] . .

B} a7z =4 and Friedman have also sstimated this
charac*eristic area where dr/ép< 2. In addition, the characteristics
of this areafzﬂ almost without any exception are exhibdited

in the "mesa" aresa of the propellant. The dr/dp< ¢ are common,

the

oo

ntermittent and fluctuating micro flame can only be seen
in the II area associated with the explcsion and combustion
of Ar, and these phenomena are only'seen during the burning of
the "mesa”™ propellant. These rhencmena are not seen for the
burning of the non "mesa" propellants. The latter has been
cbserved by.Barrére[7] s SummerfieldEa] and J. éohenllB] .
The burning area of the AP has a maximum retreating area in the
II area an? there are small "mountains® formed by needle like
objects on its surface. Becth we and J. Cohen[iBJ observed

the shallow "shell crater* shaped maximum retreating area on
*he burning surface of the "mesa” propellant. As for the

“3tone farest” shaped object which resembles the needle lixe

objects, e have observed this feature from the stereoscopic




roagant nich inhibits the combustion speed, These factors

undaer z certain =-ressure sraoduce Surning conditions similar

ts the 2:1slosian and combustion of zure AF in area I.

wnat 1s tne nature cf the cause of the “I1 area cnzracteristics®
for the durning and explosion of A® ? /e have not seen any

(0]
ct
[}

udy revort wwhich nrovides a full explanation up %o this

(14]

(o

ate. C. Guirao and F.A. Villiams thought that the increase

in oressure will increase the absorntion of the gases by the
condensed ohase and tiie absorped gases in turn inuibit the
destructicn of ClQ,. This is why the condensed phase reaction

will be reddced with a.l increase in the pressure and hence the
combustion sneed also decreases with it, Even though this view-

90int lacks' direct experimental basis and a deseription of

the quantitative relationship, it is still convincing as far as

the explanafion of the problem is concerned. This paver will -

take this hypvothesis, which assumes that the condensed jhase

reaction is a function of the pressure.

III PHYSICAL MODZL
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The combustion of a compasite solii nropellant is a
z~mnlic=ted phrsical and chemical problem even if the burning

or~cess i3 in s%t22iy state., e not only have to study this

e g !~1“"~‘va75'&¢@$?;¢-\'-‘=. S

ornblem from the anzles of chemical dynamics, the heat
conduction, the mass conduction, an”d the chemical thermcdynamics,
as well as trezting the various characteristics of the
mechanically mixed substances from the angle of statistics,

but we alsc have to examine the effects of factors such as the

P ng,‘««; o ,h,‘ i-x,';&jw'-‘w AR e

relative nosition of the binder and the oxidation reagent and

L

the mobility of the binder on the covering of the AP crystal
surface by the binder from the angle of ordinary mechanics.

Specifically, we not only have to treat the whole flame as

combinations of different proportions of pre-mixed flame and
diffusion flame based on their influence on the combustion
speed, but we also should view the cémbustion speed problems
as combinations of cnondensed phase vrocess and gas phase process
and treat them as combinations of different progortions of the
condition where the oxidation reagent is covered by the melten
binder and the condition where the oxidation reagent is not
covered by the binder. At the same time we should also treat
the condenseu phasc reaction as a function of pressure when
the surface of the axidation reagenf is covered by the binder
and the abnormal burning'pfbcess is taking place. Alsc, when

we consider the gasification reaction on the interface of gas
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and lizuid,we shcould also take into consideratinn the existence
af the revarsed process of gasitfication - the negative-direction
gasification.

Based on the concents mentioned above, we are proposing
the following hypotheses for the mechanism of the steady state
burning of the composite solid pro;ellénts which include the
"mesa"” type vrovellants : .

1. 3ased on the presence or absence of the covering of
the oxidation reagent surface by the binder, we can classify
the burning surface of the propellant into two areas., The
area where the surface of the oxidation reagent is covered by
the melten binder is called area I, while the area where the
surface of the oxidation reagent is not covered by the melten
binder is called area II. These two areas will nroceed with
their different burning patterns baséd on the burning conditions.
Their relative importance in the overall burning process is
determined by a composite parameter ¥ which represents the
fractional area of the oxidation reagentAsurface which is covered
by the binder. .
2. For area II where the surface of the oxidation reagent
is not covered by the binder, it is quite similar to the "BDP"
model and we can negl:ct the negati&e-direction gasification.

The gasification process without the negative-direction

gasification is a procedure which can control the combustion




Steed, I% also has three types of flames similar to those »f

H,

the "3P" modal, Tha first one is still the AP pre-mixed
flame for a2 unit AF dropellant; fhe second one is a diffusion
flame in be<ween the AP dissociated gasification products
and the surrounding binder or the heat dissociation product
2£ the binder which covers the AP surface nearby (area I).
We will call this the initial flame. The third one is a
diffusion flame in between the AP flame zroduct and the heat
dissociation product of the binder or the neighboring
rich-%urning product produced By the combustion nrocess in
area I. We will call this the final flame. This hypothesis is
based on the nbservation that the AP crystal also exhibits the
charqcteristic; of high in the middle and low on the edge
tefnre it is covered (Figure 3), similar to the characteristics
observed by Derr and Boggr[lo] for the propellants with positive
oressure exponents. This is why we think we should also
have a complicated flame structure and we should also have
similar multi-layered flames just like the éimilarities we
observed for tha surface features.

The condensed phrase ( we can deduce that the AP surface
that is not covered should be in melting state before the
extinction based on the No. 58195 blow up figure of the central

portion of the oxidation reagent particle shown in Figure 3)
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will have condensed phase reac%tion taking place in the interior,

ot

h

1))

which relsases n=2at,and
and evansoration taking nlace on the surface of ths liquid layer.
The relationship between the combustion speed and the nressure
in this area will certainly give positive exponents similar to
those in the "3DP" model,

3. In area I where the surface of the oxidatinn reagent is
COV@red.by the melten binder, we assume that the condensed vhase
with reverse-direztion gasification ic the procedure that
determines tne combustion speed. The oxidation reagent maintains
the continuous dissociation and gasification on its interface
by taking the heat generated by the feed-back of the gas phase
flame and the heat generated by its own condensed phase reaction.
The prodﬁct of gasification and the gaseous product of the
condensed phase reaction pass through the binder liquid layer
on ton of them in the form of dispersed phase and subsequently
form gas phase reaction with the dissociation product of the
binder in the form of a continuous un-steady pre-mixed flame.
Finally, the rich-burning reaction product together with the
oxygen-rich product on top of area II form a diffused flame.
This area is different from area II; the reverse-direction
gasification can not be neglected. This is so since when the
surface of the oxidation reagent has already been covered by

the melten liquid binder layer, the gasified oxidation reagent

a7

interfacial reaction with dissociation
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=nlecules can no langer zuickly énter the flame area as in

area II 2ven unier low pressure. Instead, the mclecules will

have tn Zo through the liguid binder iayer that is covering

them, This is why the ccncentration of the gasified -
~olaculss is much higher near the interface of the gasification
sracess than 1s the case with no covering at-all. The zm molecular
waight that impinges on a unit interfacial area per unit time

a2lso increases significantly. This kind of reverse-direction

siTication can reach a gquite substantial degree even under

ug
Jo

relatively low »ressures, This is why we assume that the
dissociation gasification reaction which takes place under
these conditions is a reaction somewhere in between the
reaction rate process without the reversed direction and the
equilibrium process. Since the reverse-direction gasification
intensifies with the increase in pressure, the relationship
between combustion speed and pressure will obviously have
negative exponents when the pressures are higher than a certain
value,

At the same time, both recent observations as well as
our results indicate that the melten binder layer always
exists on the AP surface when the zropellant is burning. when
+he AP surface that is not covered by the binder burns to the
degree where it is lower than the liquid surfzce of the

surrounding binder due to the high retreating speed, the melten
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bindar can flow into the area and cover it. 3ince the liguid

oy
¢4

binder laysr is closer to the fleme than the AP surface that
has caved in, its temrerature will not be lower than that on
the AP surface,so its flowing in will not alter the condition

of the A® surface with its own melten liguid layer. This is

o

why she dissocclation gaslification at this time is still
dissociztinn evaporation. Also as described above, we will
further assume that the AP here exhibits Eondensed phase
reaction similar to that described in reference [1“] , and
this reaction is also a function of the pressures It will
increase with the increase in oressure under low pressures,
while it will decrease with the increase in pressure just like
the exzlnssion and combustion of AP in "area II" when the
oressure exceeds a certain value. This kind of a pattern
further intensifies the effect of geherating negative pressure
exponents by the reverse-direction gasification.

L, The fractional area of the surface of the oxidation
reagent that is covered by the melten binder Y is determined
by the mobility of the binder, the structure of the burning
surface (while the structure in turn depends on the pressure),
the centent of the aluminum power, the particulate degree of
the oxidation reagent, and the property as well as the quantity

of the reagent used to a2djust the combustion speed. All these

factors are obvious. It should be noted that, however, when

20




tha content 37 *he oxidatinsn reazgent is hizh for a prescription
142 ta the low content o the aluminum naower, the Y value

aluminum tower zand its condensed
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chunx will exert lass resistence to the flow of the binder.

“hen the ccntent of the oxidatinn reagent is low since the

con*tant o7 ths hindar is ﬁigh. the ¥ wvalue also increases since
thiz increases the »0ssibility of cevering. As for the narticulate

t is obvious that the larrer

e

legree of the oxidation reazent,
ihe narticle is the longer the flowing distance of the liquid

ayer will have %o be in order to cover the surface

o
'J'
3
[o N
D
ny
=

comnletely, so the Y wvalue decreases, /¢ should tzke into

consideratiaon that any factor that can increase Y will have a

ossibility of making the "mesa" effect occur more easily when

'J

vrovellant is placed over a certain pressure value, So we

<t

[(]

h

[¢]

3

an extend the analyses mentioned above and discuss how easy

or now 4ifficult it is to have a "mesa" effect. These resultis
‘are consistgnt with the renorts in references f%],[%],[é].
5. The thickness of the covering liquid layer is a random
nuantity, but its initial mean value is mainly determined by
the mobility of the melten bdinder layer (which jossibly
contains aluminum nower) and the structure of the burning surface.
The flowing tendency which produces- the covering phenomenon
is primarily determined by .the difference in height between

the surface of tihe Yinder liquid and the A? surface. From the

angle of the motion, when a certain value is reached which
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is zreat anoush to ovarcome the flow resistence of the melten

U]
s

tinder lizuid, the flowing and the coverinzg can b ealized.
After *4his noint the thickness of this covering liquid layer
will gradually decrease according to the burning nattern in
area I described above. This is why the mean value of

hickness ¢f this lijuid layer, assuming it covers

ot
3
1}
"
ct

221
the entire surface comnletely, denends on not only the mobtility

0f the melten binder liguid but will also be inversely

ronortional to the retreating speed of the binder in area I.

'3

IV HMATHZFMATICAL TREATMENT

e will first assume that the gas phase reaction is an
even thase reaction that is completed in one step. e can
neglect the heat loss, and the influence of thermal radiation, and
assume that the particle of the oxidation reagent is spherical
and it has a single mode single dispersion.'Nex%, we simplify
the nulti-dimensional physical model into a one-dimensional
model so we can facilitate the mathematical treatment. The
areas I and II mentioned above are usually two adjacent areas
and there is usually a mass eéﬁhangg relationship btetween them
since the mixture pronortionality is different. Based on the
ultimate effect, we also.simplify these two areas further into

two independent areas as shown in Figure 8; we will still call
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tn2m =2rens I and II. The relatisnshin betwesan *them is linkad

Ty the eculvalence of the ultimate adiabatic flame temneratures
in these two =zreas. Ve also assume that during the burning
2rocess tne consumption ratios of the oxidation reagent and
tinder in these two areas are the same as the weight ratio of

the oxiidatinn reagent and vinder in the pronellant. So the

total consumntion rate of the nrovellant is

m.=§mox,+(l:’)mu,,(sox/s.) (1)

v re”
res 2

A5 3.

Y p— ) s
RAHEE APEF7

M 5.
/ //’\ "‘.} AP‘i.

X I X4
’;,' £E 9. .
'y ‘pi I’|
n gg 2

2R &
u“} ag
7,
N [, 1Zm-anz 17,

l. area I ; 2. 3diffused flame ; 3. pre-nixed flame
4. lizuid binder layer ; 5. liquid phase ; 6. sclid phase ;
7. A® surface ; 9. AP ; . 9, area II ; 10. final flame ;
11, A? flame ; 12, initial flame ; 13. liguid phase ;
14, solid jhase ; 15. burning surface ; 16, propellant ;

17. Pigure 83 A one-dimensional model of arezs I and II.

32

L




Area I : 3ased on the hynethesis that the condensed nhase
reaction exists and that the combustion snesd is controlled by
the condansed shase reaction with reverse-direction gasification,
we can cbtain the following equation zccording to reference [25]:

l = (Pl)/‘ .
Mox, ={_G A e™Fox/taer ‘ I—TP_::;;;(L;Z:)—:' (2)

For simnlicity, here we have alrezdy applied the zssumpticn

Jacobs and Russell-JonestZé] prozosed which treats NH3(g) and

an - . oo . . -

“C-Ou(g) 2s a single unified AP evaporation gas. rAP(g).e(Ts)

is the equilibrium evaporation pressure of AP under a temperature -

T Prom the Clausius-Clapeyron equation we éan obtain the

s.
appreximated assumption

P‘”,(""(T,)-B&XP (—k—";’;) (3)

e can further deduce the following equation from the facts

that the total pressure under the covering liquid layer equals

the combustion pressure and that the mass concentration ratio

bf the condensed phase product and the AP vapor on the evaporatioA

surface ecuals G/(1-G)

” P
(Ps)argr=, —
s)arms ";_T- W".,,’ (u)
- 1- ¢ o4

Now we can obtain the continuity equation for area I

a8 :
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e can further set the origin of our one-dimensional
cogordinace system on the AP surface that is covered by the
hinder, as shewn in Pigure 8, and place the moving coordinate

(OB gana-. 34

ystem wnich moves towards the interior at the combustion speed

7]

of the propellant r. Je can then obtain the following equation

whan we assume that the thermodynamic parameter is a constant :

dT 4T
CrPrra};:r.E?;+pr"[Q,F,(Y)—(l—a)Q’F,(Y)] (6)

In this equation Fl(Y), FZ(Y) are functions of the heat release;
they describe individually the heat release conditions associated
with the heat dissociation in the pre-mixed flame and on the
surface of the binder. For simplicity. we assume that the heat
releases are in pulses and they can be represented by"g functions;

we can then have :

daT dT 2 2, F Ay \

In this equation A'-—Etgéz- , the boundary conditions are :

when Y =0, T’TS (8)
when Y'YB . T=Tfo

We can now seek solution of the equation by using the Lagrange

transformation, and also take into consideration the relationship
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.dT
ATV m.=ppr<at(1'G)OS—GQLJJ,-C,(T,_T,)) (3)

“ia can then obtain a renresentative equation concerning Ty

GQ, —(1=
To=Tora R =0=O8e (2 i —irys Laxp(-i0)
(10)
GQ.-(1-6)Q -
T Tome =00 -y -2 (i)
u w_ ColMoyry o . . .
Here S, = —z ——  according to the assumption of the physical
model we can set h as
b= B.p,a
(1-a)max, (11)

3, is a parame:ter which primarily characterizes the mobility of
the melten binder liquid (which possibly contains aluminum power)
and the structure of the burning surface. In this way,
e CrBip, ’ (12)
A(l—a)
Since.the pre-mixed flame and the diffused flame are
separately determined by the chemical reaction speed and the

chemical reaction as well as the diffusion speed, we then have @

&= i’;‘,’;, +£ (13)
. Comy,, T B.Pd' .
e b [ B e ()
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Araz I 3 atplying entirely similar st2ns 2s in area
I, wa hava GQ.-
To=T+a22m0=0: ()3 4 (18,08 S exp(—i20)
I ,,,)T[T:-T.Hl-a)o—— e
» »
—(1—8» )ag-— B %"JCXD(-SrP)
.'* ‘I’
Here @._-. =A-:._,'.‘<.Pl- “PR , (while Xip =mox, /(K.sPsr), Xir=
R R ’33
- ° L Brp’ly Pd me
Xpa+xrn [d:] ——p—'D—“——’ X 'K’_'Jpl-‘;?)

i,- CP(Sox/-o)'ior”
= . CKqulp‘l"

22, - C(Sox/S)* mox,[r B,,Pd* 1 "
pe= Ac* L psDT52 RTrP'”J
so ColSox/Ss) Mo, ,r Br!Pd + 1

ser Ad? Lps DT K‘ng‘lPlJ

___‘5[6(-%-)2+ 1]
NI
t

(lﬁ.or,,Pl/"I“PAr)i' -—E—Jd'—':
tigam K d™*' /PS5,

Similarly, we can obtain the continuity equations :

, While -d— —;—( ijl—)

o /s
ie also have °ox/°o

Mox, = A'o',exp(- RE‘OT{,)

m,, -A'exp(-— —E:E:I!.:)
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Fron the simultaneous equations z2bove we can obviously
obtain the relationship between the combusticn rate on the

entire surface and the pressure : F(m,?)=0.

V  DISCUSSION

Since tuhere has been numerous available computational
results and nrocedures concerning area II (such as references
[27],[?8}), we will only carry out the computations for area I
here. The results of the computations based on the data sets
in Table 2 are shown in Figure 9. ithen considering different
combinations of different proportionalities in area II where
the pressure exponents ara always positive, we can obtain the
conditions where the relationship between the mean combustion
speed and the pressure will show vositive, zero, and negative
opressure exponents when the pressure exceeds a certain value,
The mean coﬁbustion speed is estimated for the éntire surface

and fhe results are shown in Figure 10. .

Als 1.848 x10%¢/cm® sec - 6.3
Eeoz 22.0 <10%al/ scle C» 0.3 cal/g-°K
8, . 3.4 x1e - i 0.3x10°% cal/cm-sec:-*K
B, 0.79%" 4= Q. 111.0 cal/g
B, 1.0 ‘Qs 120.0 cal/g
q 20.9 x10%°cal/ mole Q, 50.0 eal/g
G . 0.6 P=7okg/cm?). Q. 605.0 cal/g

0.3( P =120.30,60kg/cm?) Py} 1.08 g/ca?

¢ X P=sokg/cm?) K, 1.12 g/cmt-sec-stm'?
We 20.¢ g/mole K, 30.0 g/cm® sec-atmt-*
Waner 117.5 g/ mole A 1.8
We 26.2 g/mole u, 1.3
Ty 2900 °K d 1000 » .
T. e ‘K D. $.07% 10" cm?/sec
T nse ‘K

1, Table 2 The original data sets used for the area I computations
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1. PFigure 10 The nultiple kinds of relationships that can exist

between the mean combustion speed estimated over

the entire surface and the pressure,

In this way, we can first try to explain the already
discovered phenomena mare reagonably :

1. Under the condition that the AP surface is covered
with a layer of the meltgnrbinder liquid, the pressure exponents

may not have to be either zero or negative. They can actually




be nositive, This is why that we should not %e surmrised to

find the axistance of this covering nhenomenon associated with

'g
g}
(1]
w
2]

riztions with positive »ressure exponents. This is what
czn zand should be considered in a2 theoretical model.

2. The covering phenomena are also obvious and widespread
under low pressures for non "mesa" areés or areas neighboring
the "mesz" areas, This also does not contradict our model.

This is the case since the pressure exponénté in area I are
also positive under low pressures so in this sense they are
the sa2me as those in area II. In other words, the increase in
the fractional covered area Y will not change the pressure
exponents tc zero or negative values under low pressures.

In sum, the fact that the covering of the melten binder liquid
on top of the AP surface is not a particular phenomenon of the
propellant in the "mesa" area can be'eXplained reasonably,

3. By replacing the local extinction under the area where
the AP is covered by the melten binder with the ‘abnormal burning,
we can provide a more reasonable explanation for the existence
of the self-excited vibration under the pressure condition -
associated with extensive covering.

Secondly, we can See that this model can fully explain

the phenomena that the AP composite'propellant can exhibit

positive, zero, and negative pressure exponents. Furthermore,




reduces bzck to the "3DP" tyne model

.—J

whan =7 our moie
wich aczlies only far =sranellant with a binder that is

Aifficult to melt, This shows that our model can be used for

a much wider rangs of a2pplications.

At the same time, we czn see from the mathematical
treatnent menticned abové that through the computations we nan
not only explain the dependency relationship vetwesn the
combus*ion speed and the pressure, but we' can also calculate
the influence of the initial temperature on the combustion
snpe2d based on the influence of the initizl temperatu-e on the
surface temperature. fe can then calculate the temperature
sensitivity coefficient associated with the combustion speed.
In the meantime, we can also see from the inclusion of the diameter
of the oxidation reagent particle ing* ( ¥ also includes the
relationship with it) that we can make theoretical predictions
about the effects of the diameter of the oxidation reagent
narticle on the combustion speed, temperature sensitivity
coefficient, and the pressure exponents. _

In addition, similar to the basic‘"BDP" and "GDF" models,
this model can be further develoned into a statistical model
which can take into consideration the effect of the size
distribution of the AP particles. This model can also serve as
a basis for the study of the erosive burning and un-steady
burning of the propellants which include the ones with negative

4o




rassure exponents, just like the way the advocates of the
"2 model are doing itfé?J.

f cnurse the types of nropellants involved in this
study are limited and the model has not yet given the

guantitative relationship between the fractional covering

arsa Y ani the reaction fraction G,a2s well as the factors
that are affecting them. This is why further study and

nerfection of the model are necessary.

VI CONCLUSION

1. Through 3= and photography through the transparent
window of the combustion chamber we discovered : the covering
of the melten binder on the swrface of the AP crystal under
certain conditions is not a particular phenomerion of the PU
propellant in the "mesa"” area; rather it is a general phenomenon
that can take nlace over a much extensive area. In addition, this
kind of covering may not result in ldcai.extinction.

2. Ve think that the cause of the "rlateau™ and "mesa" ’
effects of the composite propellants with easily melting binders ‘
is not local extinction; rather it is the abﬁormal burning of
propellant with condensed phase reacti-n and reverse-direction

gasification associated with different covering conditions of




the AP by the malten binder liquidt layer,

3.

0f %he surface of the oxiiation reagent by the melten bindar,

(34

hera i3 widescreagd

[$)
[(}

ince Xistance of the covering

(2]

the assumotions of the "GOF" and "BOP" models are destroyed.
This is why Wwe need 31 new bdasic mocdel which can address

the zradlam fully, The meodel prozosed by this navmer has the

notential of becomming a ba2sis for the develogment of Such z

N

new Mot

1
- [

1]

4. The model pronosed by this parer not only exhibits
th2 surarior coints of being able to explain fully the "plateau”,
"nesa", and normal burning behaviaor, but it is also capable
of exnlaining the effects of initial temperature and the A>.
éarticle size on the burning characteristics, The latter is similar
to the capability of the traditional models such as the "GDF*
and "3D2". At the sazme time, our médel can also serve as a basis
far the study of the erosive burning and un-steady burning of
the nropellants which include those with negative nressure
exgonents. . | '

5. The model proposed by this paner needs to be further

nerfected.
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